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WKHFRPELQHGORDGLQJVLWXDWLRQLVLQYHVWLJDWHG7KHUHVHDUFKZRUNLVFRPSOHWHGDFFRUGLQJWRWKHIROORZLQJUHVHDUFK
VWUDWHJ\
 OLWHUDWXUHRYHUYLHZLQWKHWRSLFVRILSUHYLRXVLQYHVWLJDWLRQVRQ090)DQG)9LQWHUDFWLRQEHKDYLRXULL
SUHYLRXVDQDO\WLFDODQGQXPHULFDOLQYHVWLJDWLRQVRIWKH09)LQWHUDFWLRQEHKDYLRXURIVWHHO,JLUGHUV
 GHYHORSPHQWRIDQDGYDQFHGQXPHULFDOPRGHOEDVHGRQVKHOOHOHPHQWVZLWKYDULDEOHJHRPHWU\DQGYDULDEOH
ORDGLQJFRQGLWLRQV,QYHVWLJDWLRQRIWKHVWUXFWXUDOEHKDYLRXUXQGHUWKHGLIIHUHQWORDGLQJFRQGLWLRQVDQGXQGHU
WKHFRPELQHGORDGLQJVLWXDWLRQ
 YHULILFDWLRQRIWKHQXPHULFDOPRGHOVEDVHGRQWHVWUHVXOWV
 QXPHULFDOSDUDPHWULFVWXG\WRLQYHVWLJDWHWKHHIIHFWRIWKHGLIIHUHQWJHRPHWULFSDUDPHWHUVRQWKHLQWHUDFWLRQ
EHKDYLRXU
 FRPSDULVRQRIWKHQXPHULFDOUHVXOWVWRWKH09)LQWHUDFWLRQHTXDWLRQSURSRVHGE\%UDXQDQG.XKOPDQQ>@
 VWDWLVWLFDODQDO\VLVEDVHGRQWKHODUJHQXPEHURIQXPHULFDOFDOFXODWLRQVWRGHWHUPLQHWKHVDIHW\OHYHORIWKHQHZ
09)LQWHUDFWLRQHTXDWLRQ

7KHUHLVDKXJHQXPEHURISUHYLRXVLQYHVWLJDWLRQVUHODWHGWRWKH090)DQG9)LQWHUDFWLRQUHJLRQVHSDUDWHO\
/DUJHDPRXQWRIH[SHULPHQWDODQGQXPHULFDOLQYHVWLJDWLRQVDUHPDGHWRLQYHVWLJDWHDOOWKHWKUHHLQWHUDFWLRQSODQHV
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KRUL]RQWDOGLVSODFHPHQWDWWKHEXFNOLQJORFDWLRQ
YHUWLFDOGHIOHFWLRQDWWKHHQGRIWKHDQDO\VHGVHJPHQW
FKDUDFWHULVWLFUHVLVWDQFHEDVHGRQ)(0VLPXODWLRQ
PD[LPXPLQWHUQDOIRUFHGXULQJODXQFKLQJ
GHVLJQUHVLVWDQFHEDVHGRQ)(0VLPXODWLRQ
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DQGWRGHYHORSGHVLJQLQWHUDFWLRQFXUYHV7KHPRVWLPSRUWDQWLQYHVWLJDWLRQVIRXQGE\WKHDXWKRUVLQWKHLQWHUQDWLRQDO
OLWHUDWXUH DUH WKH IROORZLQJV6LQXU >@%HUJIHOW >@/DJHUTXLVW >@5REHUWV >@(OJDDO\ >@8QJHUPDQQ >@
-RKDQVVRQDQG/DJHUTYLVW>@DQG*UDFLDQRHWDO>@(OJDDO\>@2[IRUWHWDO>@>@=RHWHPHLHU>@5REHUWV
HWDO>@.XKOPDQQDQG%UDXQ>@%DVHGRQWKHSUHYLRXVLQYHVWLJDWLRQVRQWKH0)DQG9)LQWHUDFWLRQILHOGVDQG
EDVHGRQWKHUHVXOWVRIWKHSUHYLRXVQXPHULFDOFDOFXODWLRQV%UDXQDQG.XKOPDQQ>@GHYHORSHGDFRPELQHGLQWHUDFWLRQ
HTXDWLRQIRUWKH09)LQWHUDFWLRQEHKDYLRXULQIRUPRI(T
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7KHUHOHYDQWLQWHUDFWLRQVXUIDFHLVLOOXVWUDWHGLQ)LJZKLFKILWWKHUHTXLUHPHQWVLQWKH0)DQG9)SODQHVEXWQR
YHULILFDWLRQZDVGRQHLQWKH'GRPDLQ7KHUHIRUHWKHDLPRIWKHFXUUHQWUHVHDUFKLVWKHYHULILFDWLRQRIWKHQHZ09
)LQWHUDFWLRQVXUIDFHLQDOOWKHWKUHHVXUURXQGLQJSODQHV0)9)09DQGDOVRLQWKH'GRPDLQIRUYDULRXVJLUGHU
JHRPHWULHV

)LJ&RPELQHG09)LQWHUDFWLRQVXUIDFH>@
$QLQGHSHQGHQWUHVHDUFKDFWLYLW\ZDVH[HFXWHGE\*UDFLDQRHWDO>@RQWKHVDPHUHVHDUFKILHOG7KHILQDOFRQFOXVLRQ
RI*UDFLDQRHWDOZDVWKDWWKHQHZ09)LQWHUDFWLRQFXUYHGHYHORSHGE\%UDXQDQG.XKOPDQQ>@JLYHVDJRRG
DSSURDFKRIWKHFDOFXODWHGUHVLVWDQFHVDOOWKHUHVXOWVRIWKLVVWXG\ZHUHRQWKHVDIHVLGH7KHUHIRUHWKHDLPVRIWKH
FXUUHQWUHVHDUFKDUHWRH[WHQGWKHSUHYLRXVLQYHVWLJDWLRQVPDGHE\WKHDXWKRUVPHQWLRQHGDERYHDWWKHIROORZLQJSRLQWV
- H[HFXWHDODUJHQXPHULFDOSDUDPHWULFVWXG\WRYHULI\WKHQHZ09)LQWHUDFWLRQHTXDWLRQLQDODUJHUSDUDPHWHU
UDQJH
- HYDOXDWLRQRIWKHQHZLQWHUDFWLRQHTXDWLRQRQWKHEDVHVRIWKHSXUHUHVLVWDQFHVFDOFXODWHGE\*01,DQDO\VHV
DQGE\WKHUHOHYDQWUHVLVWDQFHPRGHOVRIWKH(1>@
,PSURYHGGHVLJQPHWKRGGHYHORSPHQW
4.1. Developed numerical model and numerical parametric study 
7KHGHYHORSHGQXPHULFDOPRGHO LVEDVHGRQDIXOO VKHOOPRGHOXVLQJ IRXUQRGH WKLQVKHOOHOHPHQWV$GHWDLOHG
RYHUYLHZRQWKHQXPHULFDOPRGHOLQJDQGWKHILQLWHHOHPHQWFDOFXODWLRQVFDQEHIRXQGLQWKH06FWKHVLVRI$OFDLQH
>@7KHXOWLPDWHORDGVDUHGHWHUPLQHGE\JHRPHWULFDODQGPDWHULDOQRQOLQHDUDQDO\VLVXVLQJHTXLYDOHQWJHRPHWULF
LPSHUIHFWLRQV*01,$7KHEDFNJURXQGRI WKHQXPHULFDOPRGHOGHYHORSPHQW LV WKHWHVWUHVXOWVRI WKH&20%5,
UHVHDUFKSURMHFW>@7KHWHVWVZHUHFDUULHGRXWDW/XOHn7HFKQLFDO8QLYHUVLW\6ZHGHQKDYLQJWKHDLPWRLQWHQGWR
TXDQWLI\WKHHIIHFWRIVKHDUIRUFHRQWKHSDWFKORDGLQJUHVLVWDQFHIRUZHOGHG,JLUGHUV,QFDVHRIWKHVHWHVWVWKHDQDO\]HG
JLUGHUZDVVXEMHFWHGE\FRPELQHGEHQGLQJVKHDUDQGSDWFKORDGLQJWKHUHIRUHWKHUHVXOWVRIWKHVHWHVWVDUHRSWLPDOIRU
WKHYHULILFDWLRQRIWKHGHYHORSHGQXPHULFDOPRGHO7KHYHULILFDWLRQLVPDGHE\WKHFRPSDULVRQRIWKHUHVXOWVREWDLQHG
LQ WKHH[SHULPHQWDOSURJUDPDQG WKHQXPHULFDOFDOFXODWLRQV7KHGLIIHUHQFHEHWZHHQ WKHPHDVXUHGDQGFDOFXODWHG
XOWLPDWHORDGLVZKLFKLVDVVXPHGDVDJRRGDJUHHPHQW%DVHGRQWKHYHULILHGQXPHULFDOPRGHODQXPHULFDO
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SDUDPHWULFVWXG\LVFRQGXFWHG7REHDEOHWRYDOLGDWHWKHQHZ09)LQWHUDFWLRQVXUIDFHWKHQXPHULFDOVLPXODWLRQV
KDYHWZRDLPV7KHILUVWDLPLVWRGHWHUPLQHWKHSXUHEHQGLQJVKHDUEXFNOLQJDQGSDWFKORDGLQJUHVLVWDQFHVRIWKH
DQDO\VHGJLUGHUV7KHVHYDOXHVDUHWKHEDVHVRIWKHHYDOXDWLRQRIWKHUHVXOWVXQGHUWKHFRPELQHGORDGLQJVLWXDWLRQ
([SHGLHQWO\WKHGHWHUPLQDWLRQRIWKHSXUHUHVLVWDQFHVLVPDGHZLWKVLPSOLILHGPRGHOVZKLFKDUHGHYHORSHGRQO\IRU
WKHSXUHUHVLVWDQFHGHYHORSPHQW7KHJHRPHWU\RIWKHVHVLPSOLILHGPRGHOVDQGWKHREVHUYHGW\SLFDOIDLOXUHPRGHVDUH
VKRZQLQ)LJ
   
 DVKHDUEXFNOLQJW\SHIDLOXUH EEHQGLQJW\SHIDLOXUH FSDWFKORDGLQJW\SHIDLOXUH
)LJ$SSOLHGQXPHULFDOPRGHOVWRGHWHUPLQHEHQGLQJVKHDUEXFNOLQJDQGSDWFKORDGLQJUHVLVWDQFHVDQGREVHUYHGIDLOXUHPRGHV
7KHVHFRQGDLPLVWRVWXG\WKHVWHHO,JLUGHUVXQGHUWKHFRPELQHGORDGLQJVLWXDWLRQV$OOWKHDQDO\]HGLQWHUDFWLRQ
W\SHVQDPHO\WKH0)9)09DQG09)LQWHUDFWLRQEHKDYLRXUDUHDQDO\]HGRQWKHVDPHJHRPHWU\E\YDU\LQJ
WKHDSSOLHGLQWHUQDOIRUFHV7KHDSSOLHGORDGVRQWKHJLUGHUVDUHYDULHGDFFRUGLQJWRWKHLQWHUQDOIRUFHGLDJUDPVWREH
DQDO\]HG7KHVWUDWHJ\RIWKHLQYHVWLJDWLRQLVWKHIROORZLQJ,QWKHILUVWVWHSIRUHDFKPRGHOWKHEHQGLQJVKHDUEXFNOLQJ
DQGSDWFKORDGLQJUHVLVWDQFHVDUHGHWHUPLQHG7KHVHDUHWKHFRUQHUSRLQWVRIWKH'LQWHUDFWLRQHTXDWLRQ$IWHULWWKH
DSSOLHGVKHDUIRUFHLVIL[HGE\DFRQVWDQWYDOXHDQGWKHUDWLRRIWKHEHQGLQJPRPHQWDQGWUDQVYHUVHIRUFHLVYDULHG,Q
WKHQH[WVWHSWKHDSSOLHGWUDQVYHUVHIRUFHLVIL[HGDVDFRQVWDQWYDOXHDQGWKHUDWLRRIWKHEHQGLQJDQGVKHDUIRUFHVDUH
FKDQJHG8VLQJWKLVVWUDWHJ\WKHZKROHLQWHUDFWLRQGRPDLQLVFRYHUHGTXDVLXQLIRUPO\(OHYHQW\SHVRIJLUGHUVZLWK
GLIIHUHQWJHRPHWULHVDUHLQYHVWLJDWHGLQIUDPHRIWKHQXPHULFDOSDUDPHWULFVWXG\QXPHULFDOVLPXODWLRQVDUHFDUULHG
RXWWRGHILQHWKH³SXUH´UHVLVWDQFHVDQGWKHSRLQWVLQWKH'09)LQWHUDFWLRQGRPDLQ$WRWDORIFDOFXODWLRQV
DUHFDUULHGRXWLQIUDPHRIWKH06FWKHVLVRI$OFDLQH>@)URPWKHSUHYLRXVVWXGLHVWKHGDWDEDVHRI%UDXQ>@LVDOVR
XVHGDQGHYDOXDWHGLQWKH'GRPDLQWRJHWDODUJHUGDWDEDVHWRWKHHYDOXDWLRQRIWKHQXPHULFDOFDOFXODWLRQV
DGGLWLRQDOFDOFXODWLRQUHVXOWV
4.2. Proposed design method for M-V-F interaction  
7KHUHVXOWVRIWKHQXPHULFDOFDOFXODWLRQVDUHHYDOXDWHGDFFRUGLQJWRWKH)(0EDVHGUHVLVWDQFHV)LJDQGDFFRUGLQJ
WRWKHVWDQGDUGUHVLVWDQFHPRGHOVRI(1>@XVLQJWKHSODVWLFEHQGLQJUHVLVWDQFHDQGWKHODWHVWLPSURYHPHQW
RIWKHSDWFKORDGLQJUHVLVWDQFHSURSRVHGE\&KDFyQHWDO>@>@)LJ7KH'SORWRIWKHQXPHULFDOUHVXOWVDQG
WKH SURSRVHG LQWHUDFWLRQ VXUIDFHV DUH VKRZQ LQ )LJ  7KH RQO\ GLIIHUHQFH EHWZHHQ WKH WZR GLDJUDPV DUH WKH
UHIHUHQFHUHVLVWDQFHV
 
)LJ(YDOXDWLRQDFFRUGLQJWRUHVLVWDQFHVGHWHUPLQHGE\QXPHULFDOVLPXODWLRQV
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 
)LJ(YDOXDWLRQDFFRUGLQJWRUHVLVWDQFHPRGHOVRI(1XVLQJ0SO5DQGSDWFKORDGLQJUHVLVWDQFHPRGHORI&KDFyQHWDO
5HVXOWVLQ)LJVKRZWKDWQRSRLQWVDUHLQVLGHRIWKHLQWHUDFWLRQVXUIDFHH[FHSWRILQWKHFXWRIUDQJH,WPHDQV
WKDWXVLQJWKHUHVLVWDQFHPRGHOVRI(1>@DQGWKHODWHVWSURSRVDOIRUWKHSDWFKORDGLQJUHVLVWDQFHPRGHORI
&KDFyQHWDO>@DQGWKHSODVWLFEHQGLQJUHVLVWDQFHLQWKHLQWHUDFWLRQHTXDWLRQDOOWKHSRLQWVDUHRQWKHVDIHVLGHWKH
QHZLQWHUDFWLRQHTXDWLRQFDQEHXVHGZLWKDGHTXDWHVDIHW\6WDWLVWLFDOHYDOXDWLRQLVDOVRSHUIRUPHGWRHYDOXDWHWKH
VDIHW\OHYHORIWKHQHZ09)LQWHUDFWLRQHTXDWLRQ7KHUHVXOWVRIWKHVWDWLVWLFDOHYDOXDWLRQDUHVXPPDUL]HGLQ7DEOH
7KHILUVWHYDOXDWLRQPHWKRGXVHVWKH)(0EDVHGUHVLVWDQFHPRGHOVEHQGLQJVKHDUDQGSDWFKORDGLQJUHVLVWDQFHV
DFFRUGLQJWRQXPHULFDOFDOFXODWLRQVDQGWKHVHFRQGHYDOXDWLRQPHWKRGXVHVWKHUHVLVWDQFHPRGHOVRI(1
XVLQJ0SO5DQGWKHODWHVWSURSRVDOIRUWKHSDWFKORDGLQJUHVLVWDQFHPRGHORI&KDFyQHWDO
7DEOH6WDWLVWLFDOHYDOXDWLRQIRUJLUGHUVZLWKRXWORQJLWXGLQDOVWLIIHQHUV
 0HWKRG 0HWKRG
PHDQYDOXH  
VWDQGDUGGHYLDWLRQ  
ORZHUIUDFWLOH  

,WFDQEHVHHQIURPWKHVWDWLVWLFDOHYDOXDWLRQWKDWWKHFDOFXODWLRQDFFRUGLQJWRWKH(XURFRGHEDVHGGHVLJQPHWKRG
0HWKRGUHVXOWVLQDGHTXDWHVDIHW\IRUWKHQHZ09)LQWHUDFWLRQHTXDWLRQ7KLVHYDOXDWLRQSURYHVWKHDSSOLFDELOLW\
RIWKHLQWHUDFWLRQHTXDWLRQSURSRVHGE\%UDXQDQG.XKOPDQQ>@
&RQFOXVLRQV
7KHSURSRVHG09) LQWHUDFWLRQ FXUYH (T JLYHV DJRRG ORZHUERXQG LQWHUDFWLRQ VXUIDFH WR WKHQXPHULFDO
UHVXOWVLIWKHEHQGLQJVKHDUDQGSDWFKORDGLQJUHVLVWDQFHVDUHFDOFXODWHGEDVHGRQ(1>@UHVLVWDQFHPRGHOV
XVLQJWKHSODVWLFEHQGLQJUHVLVWDQFHLQWKHLQWHUDFWLRQHTXDWLRQ,QWKLVFDVHDOOWKHFDOFXODWLRQUHVXOWVDUHRXWVLGHRIWKH
LQWHUDFWLRQVXUIDFHIRUORQJLWXGLQDOO\VWLIIHQHGDQGXQVWLIIHQHGJLUGHUVDVZHOO,WPHDQVWKDWDOOWKHUHVXOWVDUHRQWKH
VDIHVLGHDQGWKHDFFXUDF\RIWKHQHZ09)LQWHUDFWLRQHTXDWLRQLVDGHTXDWH%DVHGRQWKHHYDOXDWLRQRIPRUHWKDQ
QXPHULFDOFDOFXODWLRQVWKHDSSOLFDELOLW\RIWKHLQWHUDFWLRQHTXDWLRQLVSURYHQLQWKHFXUUHQWLQYHVWLJDWLRQV
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7KH FDOFXODWLRQV SURYHG WKDW WKH DVVXPSWLRQ RI %UDXQ WR XVH WKH SODVWLF EHQGLQJ UHVLVWDQFH LQ WKH LQWHUDFWLRQ
HTXDWLRQLVDGHTXDWH7KHUHVXOWVJLYHDJRRGILWWRWKHLQWHUDFWLRQHTXDWLRQLQWKHPDLQSDUWRIWKHLQWHUDFWLRQUHJLRQ
%DVHGRQWKHVWDWLVWLFDOHYDOXDWLRQWKHPHDQYDOXHDQGWKHVWDQGDUGGHYLDWLRQDUHDOVRVPDOOHULIWKHSODVWLFEHQGLQJ
UHVLVWDQFHLVXVHGLQWKHLQWHUDFWLRQHTXDWLRQ7KHQHZ09)LQWHUDFWLRQFXUYHFDQEHXVHGZLWKFXUUHQW(1
>@UHVLVWDQFHPRGHOVZLWKDGHTXDWHVDIHW\
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$FNQRZOHGJHPHQW
3DUW RI WKH SUHVHQWHG UHVHDUFK SURMHFW ZDV FRQGXFWHG LQ FRRSHUDWLRQ ZLWK WKH 8QLYHUVLW\ RI 6WXWWJDUW DQG WKH
8QLYHUVLWDW3ROLWqFQLFDGH&DWDOXQ\D%DUFHORQD7KHUHVHDUFKFRRSHUDWLRQLVJUDWHIXOO\DFNQRZOHGJHG7KHSDSHUZDV
VXSSRUWHGE\WKHJános Bolyai Research Scholarship of the Hungarian Academy of Sciences7KHILQDQFLDOVXSSRUWLV
JUDWHIXOO\DFNQRZOHGJHG
5HIHUHQFHV
>@(1(852&2'('HVLJQRIVWHHOVWUXFWXUHV3DUW3ODWHGVWUXFWXUDOHOHPHQWV
>@%%UDXQ6WDELOLW\RIVWHHOSODWHVXQGHUFRPELQHGORDGLQJ3K'WKHVLV1R,QVWLWXWHIRU6WUXFWXUDO'HVLJQ8QLYHUVLWlW6WXWWJDUW
>@&*UDFLDQR$$\HVWDUiQ6WHHOSODWHJLUGHUVXQGHUFRPELQHGSDWFKORDGLQJEHQGLQJDQGVKHDU-RXUQDORI&RQVWUXFWLRQDO6WHHO5HVHDUFK9RO
SS
>@$16<6Y&DQRQVEXUJ3HQQV\OYDQLD86$
>@Ò7.|]~WLKLGDNWHUYH]pVLHOĘtUiVDL,,.|]~WLKLGDNHUĘWDQLV]iPtWiVDÒWJ\L0ĦV]DNL(OĘtUiV
>@&20%5,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